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Few-layer black phosphorus has recently emerged as a promising candidate for novel electronic 
and optoelectronic device. Here we demonstrate by first-principles calculations and Boltzmann 
theory that, black phosphorus could also have potential thermoelectric applications and a fair ZT 
value of 1.1 can be achieved at elevated temperature. Moreover, such value can be further 
increased to 5.4 by substituting P atom with Sb atom, giving nominal formula of P0.75Sb0.25. Our 
theoretical work suggests that high thermoelectric performance can be achieved without using 
complicated crystal structure or seeking for low-dimensional systems. 
 
1. Introduction 
As a clean and viable way to solve the global energy and environmental crisis, 
thermoelectric energy conversion that is capable of creating electricity from heat and 
vice versa has received extensive interest over the past few decades. The efficiency of 
a thermoelectric material is determined by the dimensionless figure of merit: 
2
e p
SZT Tσκ κ= + ,                          (1) 
where S  is the Seebeck coefficient, σ  is the electrical conductivity, T  is the 
absolute temperature, and eκ  and pκ  are the electronic and lattice thermal 
conductivities, respectively. Intuitively, good thermoelectric material should possess a 
large Seebeck coefficient, a high electrical conductivity, and a low thermal 
conductivity. However, these transport parameters are closely interrelated and related 
to the electronic and crystal structure, as well as the carrier mobility and concentration. 
As a result, the ZT value of some good thermoelectric materials such as Bi2Te3 has 
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remained at about 1.0 for several decades, whereas a ZT ～ 3 is necessary to 
compete with conventional refrigerators or power generators. To significantly enhance 
the ZT value, much efforts have been devoted to search for new bulk materials with 
multi-components and/or complicated crystal structures, such as AgPbmSbTe2+m [1], 
Bi0.5Sb1.5Te3 alloys [ 2 ], and PbTe-SrTe [ 3 ]. On the other hand, improved 
thermoelectric performance has also been found in many low-dimensional systems, 
such as Bi2Te3/Sb2Te3 superlattice structure [ 4 ], PbSeTe/PbTe quantum-dot 
superlattice [5], and Si nanowires [6]. 
  As a single-component material which is constituted by the low-cost and 
earth-abundant element, the possibility of using black phosphorus (BP) as 
thermoelectric materials has recently attracted growing interest. For example, Lv et al. 
found that the power factor (PF= 2S σ ) of BP can reach as high as 118.4 µWcm−1K−2 
at appropriate carrier concentration [ 7 ]. However, they predicted that the 
thermoelectric performance of BP is poor at room temperature, which may be caused 
by relatively large lattice thermal conductivity (12.1 W/mK, taken from that of 
polycrystalline BP) [8]. Qin et al. showed that the maximal ZT is 0.72 at 800 K and 
can be enhanced to 0.87 by a proper strain [9]. Flores et al. experimentally measured 
the thermoelectric properties of BP and found that it is a p-type semiconductor with a 
Seebeck coefficient of 335 µV/K at room temperature. Besides, the power factor of 
BP at 385 K is 2.7 times higher than that at room temperature, which is caused by the 
reduced electrical resistance with increasing temperature [10]. Although these works 
show that BP could be a potential intermediate temperature thermoelectric material, 
the predicted ZT value is still not comparable with that of conventional thermoelectric 
materials. In this work, using first-principles calculations and Boltzmann transport 
theory, we provide a systematic investigation on the thermoelectric properties of BP 
within the reasonable carrier concentration range. We demonstrate that BP exhibit a 
fair ZT value at elevated temperature even with a relatively higher lattice thermal 
conductivity. More importantly, we show that the substitution of P atom with Sb atom 
can not only significantly reduce the lattice thermal conductivity of BP, but also 
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increase the density of states (DOS) around the Fermi level. As a result, the ZT value 
of BP can be optimized to as high as 5.4 at 800 K, giving strong evidence that high 
thermoelectric performance can be achieved without using complicated crystal 
structure or seeking for low-dimensional systems. 
 
2. Methodology 
2.1 Electronic structure calculations 
The geometry optimization and band structure calculation of BP are performed by 
using the first-principles plane-wave pseudopotential formulation [11, 12, 13] as 
implemented in the Vienna ab-initio (VASP) [14] code. The exchange correlation 
functional is employed in the form of Perdew-Burke-Ernzerhof (PBE) [15] with the 
generalized gradient approximation (GGA). The cutoff energy for the plane wave 
basis is set to be 500 eV. In the ionic relaxation and charge density calculation, 
Monkhorst-Pack k-mesh [16] of 8×8×10 is used. For the optimization of crystal 
structure, van der Waals (vdW) interaction is considered at the vdW-DF level with 
optB88 exchange functional (optB88-vdW) [17, 18]. The atom positions are fully 
relaxed until the magnitude of force acting on all atoms become less than 0.01 eV/Å. 
For the calculation of electronic structures, we use the modified Becke-Johnson (mBJ) 
[ 19 , 20 ] exchange potential, which can give accurate band gaps for many 
semiconductors. 
 
2.2 Boltzmann transport theory for electron 
For the electronic transport, we apply the semiclassical Boltzmann transport 
equation [21] with the relaxation time approximation. Such approach has been 
successfully used to predict the transport coefficients of some known thermoelectric 
materials, and the theoretical calculations are found to agree well with the 
experimental results [22, 23, 24, 25]. In terms of the so-called transport distribution 
function ( ) k k k
k
v vε τΞ =∑ v v vv v v , the Seebeck coefficient ( S ) and the electrical 
conductivity (σ ) can be expressed as: 
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∂ −⎛ ⎞= − Ξ⎜ ⎟∂⎝ ⎠∫ ,                  (2) 
( )2 0fe dσ ε εε
∂⎛ ⎞= − Ξ⎜ ⎟∂⎝ ⎠∫ ,                      (3) 
where kvv
v  and kτ v  are the group velocity and relaxation time at state k
v
, respectively. 
The other parameters are the equilibrium Fermi function 0f , the Boltzmann constant 
Bk , and the chemical potential µ . The optimal carrier concentration is obtained by 
integrating the DOS from the desired chemical potential to the Fermi level (µ =0). 
The carrier relaxation time can be extracted from the experimentally measured carrier 
mobility (µ ) and effective mass ( *m ) [26]. Details are given in the Supplement 
Information. In order to obtain reliable transport coefficients, we use fine k-mesh of 
26×26×32 and 18×18×22 to calculate the band energies of pristine and substituted BP, 
respectively. 
The electronic thermal conductivity eκ  is calculated by using Wiedemann-Franz 
law [27]: 
e L Tκ σ= ,                             (4) 
where L  is the Lorenz number. For three-dimensional materials, depending on the 
reduced Fermi level /f BE k Tξ = , the Lorenz number can be expressed by [28, 29]: 
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2.3 Boltzmann transport theory for phonon 
The lattice thermal conductivity of BP can be calculated by using phonon 
Boltzmann transport equation (BTE) with relaxation time approximation as 
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implemented in the ShengBTE code [30, 31, 32]. In this approach, the thermal 
conductivity along the α  direction can be calculated by: 
2
, , , ,
,
1
q j q j q j
q jq
C v
N Vα α
κ τ= ∑ v v vv ,                       (6) 
where ,q jCv  is the specific heat contribution of the phonon mode with the wave 
vector q
v
 and polarization j , , ,q jv αv  is the phonon group velocity, and ,q jτ v  is the 
phonon relaxation time. qN  is the number of sampled q points in the Brillouin zone 
and V  is the volume of the unit cell. 
During the thermal conductivity calculations, the only inputs are the second order 
and third order force constant matrix, which can be extracted from the first-principles 
calculations. Here the exchange-correlation functional is the same as that done for the 
electronic structure calculations. A 4×4×5 supercell is adopted to calculate the 
second-order and third-order force constant. The interactions up to the fourth nearest 
neighbors are considered when dealing with the anharmonic one. The phonon BTE 
method has already been used to estimate the lattice thermal conductivity of 
phosphorene [33, 34, 35] and phosphorene nanoribbons [36]. 
 
3. Results and discussion 
3.1 Lattice structure and electronic properties of BP 
The crystal structure of bulk BP is shown in Figure 1, which exhibit an 
orthorhombic symmetry and has the space group of Cmca. In the xz plane, each P 
atom is covalently bonded with three nearest neighboring atoms to form a puckered 
structure. Along the y direction, the neighboring layers are held together by weak van 
der Waals forces. For the convenience of discussions, we define the zigzag, the 
out-of-plane, and the armchair direction as x, y, and z direction, respectively. The 
predicted structural parameters of BP by using different kinds of exchange and/or 
correlation functionals are presented in Table I. We see that the lattice constants 
calculated with van der Waals corrections explicitly included by using DFT-D2 [37] 
and optB86b-vdW functional [17] are very close to the experimental values [38]. 
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However, the electronic band structure based on these “best fit” lattice constants gives 
a dissatisfied band gap, as indicated in Figure S1 of the Supplement Information. As 
an alternative, we choose the optB88-vdW functional [17, 18] with mBJ exchange 
potential [19, 20] to obtain an accurate band structure. Figure 2 shows the calculated 
band structure and DOS of BP. We see that BP is a semiconductor with a direct band 
gap of 0.31 eV at the Z point, which agrees well with that found previously [39, 40, 
41]. Moreover, we find that the highest valence band and the lowest conduction band 
disperse significantly along the Q-Z direction (z direction or armchair direction) and 
Γ-Z direction (y direction or out-of-plane direction), which indicates very small 
effective mass of electrons and holes. Table II lists the calculated carrier effective 
masses along the x, y, and z directions, where we find that the one along the z 
direction is the smallest, especially for the case of holes. Such small effective mass 
would set a crucial precondition for BP to exhibit a high carrier mobility, which is 
confirmed by the experimental results [42] and suggests that the carrier transport of 
BP along the z direction is quite favorable and may be beneficial to its thermoelectric 
performance. On the other hand, we see the DOS of BP at the bottom of conduction 
band exhibits a sharper peak than that at the top of valance band. Since the magnitude 
of Seebeck coefficient is determined by the DOS distributed around the Fermi level 
[43], we expect that the n-type BP may have a higher Seebeck coefficient than p-type 
system, as will be discussed in the following. 
 
3.2 Electronic transport properties 
We now move to the investigation of electronic transport properties. Figure 3 plots 
the calculated transport coefficients along the x, y, and z directions as a function of 
carrier concentration from 1×1019 to 1×1021 cm−3. We see that at both 300 K (Fig. 3(a)) 
and 800 K (Fig. 3(b)), the absolute value of Seebeck coefficient ( S ) of n-type BP 
along the x direction is always the highest among the three directions. However, this 
is not the case for the p-type system where the Seebeck coefficients along the three 
directions are almost identical to each other in the carrier concentration range 
considered. Moreover, for all the three directions, we find the absolute value of 
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Seebeck coefficient of n-type system is larger than that of p-type system at the same 
carrier concentration. This is consistent with the sharper DOS at the bottom of the 
conduction band, as observed in Fig. 2(b). If we focus on the high temperature case, 
we see from Fig. 3(b) that the absolute values of Seebeck coefficients for all the three 
directions are always larger than those found at 300 K. Moreover, a maximum 
Seebeck coefficient of 392 µV/K can be achieved along the x direction at a moderate 
carrier concentration of 1×1019 cm−3. Such value is much larger than those of 
conventional thermoelectric materials and suggests that BP could have very favorable 
thermoelectric performance at elevated temperature. 
Fig. 3(c) shows the room temperature electrical conductivity (σ ) of BP as a 
function of carrier concentration. We see that for all the three directions the electrical 
conductivity of n-type system is lower than that of p-type system at the same carrier 
concentration, which is due to smaller relaxation time of the electrons compared with 
that of holes (see Table S1 of the Supplement Information). As the relaxation time 
changes little in the temperature range considered, we see from Fig. 3(d) that the 
variation of electrical conductivity with the carrier concentration at 800 K is very 
similar to that at 300 K. Combined with a relatively higher Seebeck coefficient at 
elevated temperature, we expect that the power factor of BP at 800 K is higher than 
that at 300K. For the electronic thermal conductivity eκ , as the Lorenz number of 
n-type system calculated from Eq. (5) is roughly equal to that of p-type system at the 
same carrier concentration (see Supplement Information), it is reasonable to expect 
that eκ  would show similar behavior as σ  and is thus not shown here. 
 
3.3 Phonon transport properties 
We next discuss the phonon transport properties of BP. Within the phonon 
Boltzmann transport theory, the lattice thermal conductivity of BP can be calculated 
without adjustable parameters. Figure 4(a) plots the phonon dispersion relations of BP, 
which is consistent with previous result using bond charge model [44]. Among the 
three acoustic phonon modes, we see the phonon group velocity along Γ-A direction 
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(x direction or the zigzag direction) is the highest, while it is the lowest along the Γ-Z 
direction (y direction or the out-of-plane direction), and that along Γ-Y direction (z 
direction or the armchair direction) is in between [44]. According to Eq. (6), we 
expect that the lattice thermal conductivity is the highest along the x direction, 
followed by that along the z direction and then along the y direction. This is indeed 
the case as shown in Figure 4(b), where the lattice thermal conductivity of BP is 
plotted as a function of temperature in the range from 300 K to 800 K. The reason that 
the thermal conductivity along the y direction is the lowest can be attributed to the 
fact that the P atoms in the out-of-plane direction are connected by van der Waals 
force while it is covalently bonded in the plane. At 800 K, the calculated thermal 
conductivity of BP is 57.5, 24.1 and 22.7 W/mK along the x, z, and y direction, 
respectively. It seems that such large thermal conductivity may be not suitable for 
thermoelectric applications if compared with that of conventional thermoelectric 
materials. However, we will see in the following that the thermoelectric performance 
of BP is still considerable along the z direction due to relatively higher power factor. 
 
3.4 Thermoelectric figure of merit 
With all the transport coefficients available to us, we can now estimate the ZT value 
of BP. Figure 5(a) and 5(b) show the ZT values as a function of carrier concentration 
at 300 K and 800 K, respectively. In either case, the maximum ZT is achieved in the 
n-type system and found to be that along the z direction (the armchair direction). We 
see that at room temperature, the optimal ZT value is very small (0.06) caused by a 
large lattice thermal conductivity (65.1 W/mK). Note that such a ZT is actually lower 
than that predicted by Qin et al. [9] where an experimentally measured lattice thermal 
conductivity of polycrystalline BP is used (12.1 W/mK) and is obviously lower than 
our calculated result. When the temperature is increased to 800 K, there is a 
significant reduction of the thermal conductivity (from 65.1 W/mK to 24.1 W/mK). 
As a result, we see from the Fig. 5(b) that the BP exhibits the largest n-type ZT value 
of 1.1 at a carrier concentration of 1.5×1020 cm−3, and p-type ZT value of 0.6 at a 
carrier concentration of 3.2×1019 cm−3. As mentioned before, although the lattice 
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thermal conductivity is still large at such temperature, the thermoelectric efficiency is 
considerable since the optimal power factor can reach 0.064 W/mK2, which is higher 
than those of state-of-the-art thermoelectrics [45, 46]. Our theoretical calculations 
thus indicate that BP could be an intermediate temperature thermoelectric material by 
properly controlling the carrier concentration. In Fig. 5 (c), we plot the temperature 
dependence of the optimal ZT values. We see that the ZT increase monotonically with 
the temperature, which is caused by the increase of Seebeck coefficient and decrease 
of lattice thermal conductivity. In general, the n-type BP exhibits larger ZT value than 
p-type system. Although the lattice thermal conductivity along the out-of-plane 
direction is the lowest among the three directions, the thermoelectric performance 
along this direction is poor due to relatively lower electrical conductivity (see Fig. 3(c) 
and Fig. 3(d)). 
 
3.5 Further optimization of ZT value 
Up to now, we have systematically investigated the thermoelectric properties of 
pristine BP. We find that at room temperature, the thermoelectric efficiency of BP is 
poor due to relatively larger lattice thermal conductivity. Even one can obtain an 
optimal ZT of 1.1 at 800 K, it is still less than those of the best thermoelectric 
materials. To significantly enhance the thermoelectric performance, an efficient 
approach is by doping an element with similar electronic configuration but different 
atomic mass to form a solid solution, which can lower the thermal conductivity by 
inducing local distortion without seriously affecting the electrical conductivity [47]. 
As an example, we show below the effect of substitution of P atom with Sb atom on 
the thermoelectric properties of BP. 
We construct our model by replacing a P atom with a Sb atom in the unit cell, 
which gives a nominal formula of P0.75Sb0.25. The phonon spectrum of P0.75Sb0.25 is 
given in the Supplement Information, which shows no imaginary frequency and 
suggests the stability of the substituted system. The optimized lattice constant of 
P0.75Sb0.25 is a=3.66 Å, b=11.12 Å, and c=4.48 Å, which is larger than that of pristine 
BP due to larger radius of Sb atom. The calculated electronic band structure and the 
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corresponding DOS are shown in Figure 6. We see from Fig. 6(a) that P0.75Sb0.25 is 
also a direct band gap semiconductor with the band edges located at the Z point. More 
interestingly, there are several energy pockets around the Fermi level with almost the 
same energy as that of the band extrema. For example, the second low energy pocket 
(indicated by the red circle) appears at the X point and has an energy of 51.4 meV 
above the conduction band minimum (CBM). The second high energy pocket 
(indicated by the blue circle) appears at the Γ-Y direction and has an energy of 19.1 
meV lower than that of the valence band maximum (VBM). This finding implies that 
Sb substitution could be used to increase the DOS of BP by inducing additional 
energy pockets around the Fermi level, which is very beneficial to their thermoelectric 
performance. Indeed, we find from Fig. 6(b) that the DOS at the band edge for the 
substituted system become steeper than that of pristine BP, thus leading to an 
increased Seebeck coefficient of P0.75Sb0.25 (see Figure S4 of the Supplement 
Information). 
As the thermoelectric performance of n-type BP is the best along the armchair 
direction, we focus on such direction for the n-type P0.75Sb0.25. Figure 7(a) plots the 
lattice thermal conductivity of P0.75Sb0.25 as a function of temperature from 300 K to 
800 K. For comparison, the result for pristine BP is also shown. We see that 
substituting P with Sb leads to dramatic reduction of lattice thermal conductivity in 
the whole temperature range considered. At room temperature, the thermal 
conductivity of P0.75Sb0.25 is calculated to be 7.3 W/mK, which is 89% smaller than 
that of pristine BP. Moreover, this value can be further reduced to 2.7 W/mK at 800 K. 
Summarizing these results, we find that Sb substitution can not only enhance the 
electronic transport of BP by increasing the DOS around the Fermi level, but also 
suppress the lattice thermal conductivity because of the mass difference between Sb 
and P atom. It is thus reasonable to expect that the thermoelectric performance of 
P0.75Sb0.25 could be dramatically enhanced. Indeed, we see from Figure 7(b) that the 
ZT value of the P0.75Sb0.25 can reach 0.78 at 300 K, which is much larger than that of 
pristine BP (ZT=0.06). Moreover, the ZT values of P0.75Sb0.25 exhibit strong 
temperature dependence and can be optimized to as high as 5.4 at 800 K, which is 
  11
significantly larger than that of pristine BP (ZT=1.1). We further find that the ZT value 
of the Sb-substituted system is larger than 2.0 at relatively broad temperature range 
from 450 K to 800 K, which makes P0.75Sb0.25 a very promising candidate for 
thermoelectric applications if operated at an intermediate temperature region. 
 
4. Summary 
We demonstrate by first-principles calculations and Boltzmann theory that at high 
temperature, the BP exhibits considerable thermoelectric performance along the 
armchair direction, even with a relatively higher lattice thermal conductivity. Besides, 
we show that Sb substitution can not only improve the electronic transport by 
increasing the DOS around the Fermi level, but also suppress the lattice thermal 
transport caused by the mass difference between Sb and P atom. As a result, the 
optimal ZT value of the substituted system (P0.75Sb0.25) can reach as high as 5.4 at 800 
K. To experimentally realize such goals, one needs to first fabricate the Sb-substituted 
BP. Near the completion of this work, we become aware of the black 
arsenic-phosphorus (b-AsxP1-x), a layered structure similar to P0.75Sb0.25 is rationally 
synthesized with highly tunable chemical compositions [48, 49]. Since Sb atom has a 
similar electronic configuration with As atom, we believe that our investigated 
P0.75Sb0.25 can be produced in a similar way. With the rapid developments of 
fabrication techniques, we anticipate that the present work will stimulate new 
experimental efforts and advances in the search of high performance thermoelectric 
materials. 
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Table I The lattice constant (a, b, c), bond distance (d1, d2), bond angles (θ1, θ2), and 
interlayer van der Waals distance (d0) obtained by using different exchange and/or 
correlation functionals. The corresponding experiment values are also shown for 
comparison. 
functionals a (Å) b (Å) c (Å) d1 (Å) d2 (Å) θ1 (°) θ2 (°) d0 (Å) 
LDA 3.26 10.22 4.20 2.20 2.24 95.44 100.67 2.95 
PBE 3.34 11.14 4.52 2.23 2.26 96.79 103.21 3.45 
vdW-DF 3.42 11.34 4.63 2.27 2.29 97.60 103.60 3.53 
vdW-DF2 3.48 11.30 4.66 2.30 2.31 98.35 103.51 3.49 
optPBE-vdW 3.38 10.90 4.50 2.26 2.28 97.02 102.69 3.30 
optB88-vdW 3.36 10.70 4.45 2.25 2.28 96.58 102.27 3.19 
optB86b-vdW 3.32 10.54 4.36 2.24 2.27 95.90 101.63 3.11 
DFT-D2 3.32 10.46 4.42 2.23 2.26 96.57 102.36 3.09 
Exp. 3.31 10.48 4.38 2.22 2.24 96.34 102.09 3.07 
 
 
 
 
Table II Calculated carrier effective mass of BP (in unit of inertial mass of electron 
0m ) along the x, y, and z directions. 
carrier type *xm  ( 0m )
*
ym  ( 0m ) *zm  ( 0m )
hole 0.833 0.335 0.144 
electron 1.268 0.164 0.163 
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Figure 1 The ball-and-stick model of BP: (a) side-view, and (b) top-view. The 
coordinate axes (x, y, z) and structural parameters (d0, d1, d2, θ1, θ2) are indicated. 
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Figure 2 (a) The calculated band structure of BP, and (b) the corresponding DOS. 
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Figure 3 The electronic transport coefficients of BP as a function of carrier 
concentration: (a) and (b) are the Seebeck coefficient at 300 K and 800 K, respectively. 
(c) and (d) are the electrical conductivity at 300 K and 800 K, respectively. Negative 
and positive carrier concentrations represent n- and p- type carriers, respectively. 
  16
 
Figure 4 (a) The phonon dispersion relations of BP, and (b) the calculated lattice 
thermal conductivity of BP as a function of temperature along three directions. 
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Figure 5 The calculated ZT values of BP as a function of carrier concentration at (a) 
300 K, and (b) 800 K. (c) is the optimal ZT values of BP as a function of temperature. 
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Figure 6 (a) The calculated band structure of P0.75Sb0.25, and (b) the corresponding 
DOS. The red and blue circles indicate the second low and high energy pockets, 
respectively. 
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Figure 7 Comparison of temperature dependence of (a) lattice thermal conductivity, 
and (b) ZT values of the n-type BP and P0.75Sb0.25 along armchair direction. 
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